X-ray Spectroscopy

Probing of Valence Electrons with X-rays
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Excitations involving
valence electrons

Atom specific

Local probing allows
complex systems

Spin and Charge
distributions

Could we probe the
valence electrons
during an ultrafast
process?
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Below 100 keV

Photoelectric cross section
dominates

Spectroscopy



Spectroscopy

Valence electrons > Chemical Bonding
Core electrons > Non interacting

Ionization > Photoelectron Spectroscopy

L_[:Zlectron
spectrum




Core Levels-Atom Specific Information

X-rays probes core levels

Element Sensitive Chemical Shifts
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Polarized X-rays Orientations and Directions

Absorption Intensity ~ | <f|D|i> [’
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Core Level Spectroscopy

Unoccupied states
Eg  Fermilevel

Occupied states
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Laser spectroscopy

Excitations of valence electrons

Creation of core holes
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Photoelectron Spectroscop
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Core Level Electron Spectroscopy
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Photoelectron Diffraction
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Absorption Probability

X-ray Absorption Spectroscopy
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Intensity

Chemical Sensitivity

Chemical Shift of C=0 7T Resonance
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EXAFS

Extended X-ray Absorption Fine Structure

NEXAFS EXAFS
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Dipole selection rule

Density of States p(E)

Band Dispersion E(k)

Transition Metals
Al ==+1

2p— 3d
2p— 4s

ENERGY (eV)

\

© o o o
ENERGY (eV)

Ebert et. al. Phys.
Rev. B 53, 16067

(1996).

¥ Q@ L A

Wavevector k

.

Absorption Cross Section (Mb)
[T R - - BN~ | B = S ]

r z X

Cu bee

. Co | NU
1 L 1 z ! N 1 . 1
700 750 800 850 900 950

Photon Energy (eV)

20
Energy (eV)

40

] Total intensity reflect
: number of empty holes



Linear Dichroism _ g _

The Search Light Effect

K-edge probe empty p orbitals
E
“‘}“E ;." %—
large
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Molecular Orientations

Surfaces, Polymers etc.
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Magnetic Linear Dichroism

Polarization with charge and spin

Non-magnetic state
Cubic crystal potential * d
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4—6—>2§'

L

[010]

d electron charge density is isotropic
no polarization dependence

spin-orbit coupling distorts charge
creates polarization dependence

X-ray Magnetic Linear Dichroism
Van der Laan et al., Phys. Rev. B 34, 6529 (1986)
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Magnetic Circular Dichroism

Faraday and Kerr effect
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Spin and orbital moment
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Polarization Effects in X-ray Absorption

X-ray Linear Dichroism X-ray Magnetic Linear Dichroism
Stohr et al.,, Phys. Rev. Lett. 47, 381 (1981) Van der Laan et al., Phys. Rev. B 34, 6529 (1986)
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X-ray Microscopy

Scanning Transmission X-ay Microscopy
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Monochromatic
X Rays

jnl

<>

Zone Plate
Focusing Lens

Q@

Fluorescence

Photoelectrons Photons

.............................
.......

Scanning
Sample Stage

X-Ray
Detector

Transrmission X-ray Microscopy
M

Polychromatic
X Rays

Condensor
Zone Plate™s

Monochromator
Pinhole ~20um

Zone Plate U<

X-Ray Photoemisson Electron Microscopy

XPEEM
Magnified
Phosphor inage
Screen W
f

Projection

Lens D : D

Aperture

Objective
Lens

J___]:.

Photoelectrons A/ A

an|

Monochromatic
X Rays

Sample

................................

.....

Present resolution in the 20 - 40 nm range

mic-3-meth.cdr



Polarization Dependent Imaging with X-Rays

X-Ray Magnetic Circular Dichroism X-Ray Linear Dichroism
Stohr et al., Science 259, 658 (1993) Ade and Hsiao., Science 262, 1427 (1993)
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Rehybridization-Water
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X-ray Raman Spectroscopy
Soft X-ray NEXAFS using hard X-rays
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Non Radiant
Auger Electron Spectroscopy (AES)

Auger

Core Hole Decay
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Radiant
X-ray Emission Spectroscopy (XES)

: Core hole life time o
. Sum of all decay
channels

XES one electron
picture

AES two electron
interaction; complex
Correlation effects

Sandell et. al. Phys. Rev. B48, 11347 (1993)
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Resonant Processes

Non Radiant

Resonant Photoelectron Spectroscopy (RPES)
Resonant Auger Spectroscopy (RAES)
Autoionization Spectroscopy (AIS)
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Spectator decay
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Radiant

Resonant Inelastic X-ray Scattering (RIXS)
Resonant X-ray Emission Spectroscopy (RXES)
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Resonant Photoemission

Valence band features resonant enhanced at core level threshold

Constructive and destructive interference of direct
photoemission and Auger decay

[ =M, +M

Aug
Fano profile
}
Exin=Egt3p!
-E(3d8) 6 eV d_band
3¢9 . Ni - RPE
Br —a0is i"e \ Ni= 1y S : ‘e
. ;o
\ ]
hulEg Gl hv (eV) \ %x0.15 ,‘ -‘*'=
- ' - . -
Y
3p? 3pb o E 4 ¥
P Photo Auger P 2 ) HOE \
. c b= il d - band
Absorption decay =) g bk, 31
< ; x30 4i e
s g |
> @ v ;
Nickel metal, initial state = 0, | ..: £
c 2 | 800820840860880 - -
EF g 2 , : s
= k= g J N e
Direct PES - Y. 3 '
/ \ Cor ¥ 6 eV satellite
b i e
hw hy Eu x30 Fenl /
Eyi kin Rty of % .
N NS I hh B A
F — 7 — 7 T T - T H L
349 15 10 5 0 800 B20 840 860 880 ¢ 3 =
3d84s Binding Energy (eV) EE R T X R —J‘I“J.h"'[.l
final StCl‘E, final 510‘9: 800 820 840 860 880 900
main satellite Photon Energy (ev)

line line Weinelt et. Al. Phys. Rev. Lett. 78, 967 (1997)



INTENSITY (a.u.)

Core Hole Clock Method
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Resonant X-ray Inelastic Scattering
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Intensity (a.u.)

X-ray Emission Spectroscopy

Atom specific
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X-ray Emission and Photoemlssmn
XES and PES, the same final state : ~

Photoemission
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Atom Selectivity ad
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Femtosecond Chemistry

Haber-Bosch

N, + 3H,~2NH,

; & ; .al. Sci 294, 1 2001
N, dissociation simulated XES Hansen et.al. Science 294, 1508 (2001)
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